Abstract: Not all sunlight irradiated on the surface of a photovoltaic (PV) module can reach the cells in the PV module. This loss reduces the conversion efficiency of the PV module. The main factors of this loss are the reflection and soiling on the surface of the PV module. With this, it is effective to have both antireflection and antisoiling effects on the surface of PV modules. In this study, the antireflection and antisoiling effects along with the long-term reliability of the silica-based layer easily coated on PV modules were assessed. A silica-based layer with a controlled thickness and refractive index was coated on the surface of a Cu(In,Ga)Se 2 PV array. The array was exposed outdoors to assess its effects and reliability. As a result of the coating, the output of the PV array increased by 3.9%. The environment of the test site was relatively clean and the increase was considered to be a result of the antireflection effect. Moreover, it was observed that the effect of the coating was maintained without deterioration after 3.5 years. The coating was also applied to a silicon PV module and an effect similar to that of the CIGS PV module was observed in the silicon PV module.
Introduction
With a rising problem in the field of energy, renewable energy sources that are non-reliant on fossil fuels continue to attract attention. Photovoltaics (PVs) was developed as an important and promising technology and has been a top eco-friendly energy solution among the various sustainable energy resources. Single and multi-crystalline silicon PVs are market leaders as first-generation PVs. Currently, thin-film PVs, such as compound semiconductor PVs, play a vital role [1, 2] .
Not all sunlight irradiated on the surface of the PV module reaches the cells. The loss, from incomplete utilization of sunlight, reduces the conversion efficiency of the PV module. Reflection and soiling on the surface of the PV module, References [3] [4] [5] [6] , are among the main factors for this loss. Both must be considered in the developing of high-efficiency PV systems. The cover glass of PV modules reflects approximately 4% of the incident light irradiated to it [7] . Energy losses of the incident light on PV modules occur through the reflection of the air/glass interface due to the difference in the refractive index of the medium [8] . As most PV systems are installed outdoors, it is inevitable for dust and other contaminants to be deposited on the system. Soiling on PV modules prevents light transmittance and decreases the performance of PV systems [9] [10] [11] [12] [13] . Therefore, it is relevant to incorporate antireflection and antisoiling effects on the PV module surface to improve the performance of PV systems.
To overcome common problems in PV systems, transparent coatings that have the ability to suppress reflection and soiling effects spark the interest in PV technologies. Coatings with high transmittance, and antireflection and self-cleaning properties gained significant attention among other types of coatings [14] [15] [16] . Silica-based coatings with a nano-sized porous structure have been recognized as a low-cost functional layer with antireflection and antisoiling effects [17, 18] . By controlling its porosity, the refractive index can be adjusted to perform as an effective antireflection material on PV modules. For coatings, the refractive index and layer thickness were adjusted to increase transmittance [19] . Due to abundant hydroxyl groups in the silica coating, a very thin layer of water can be adsorbed onto the PV module surface. This can prevent localization of electrostatic charges by the electric conductivity of the thin water layer. The electrostatic charges can then be discharged to the environment. Thus, the adhesion of dust can be prevented [20] . Moreover, with the super-hydrophilicity of the coating, dust that adheres to the surface can easily be washed away with a minimal volume of washing water.
Another important key factor of PV systems is long-term reliability. This plays a paramount role in PV plants for a low-levelized cost of energy (LCOE). To retain high efficiency and low LCOE, soiling and reflection must be well-suppressed in PV systems for a long period of time. Practically speaking, it is important to investigate the long-term reliability of the coating on PV modules. This study assessed the antireflection and antisoiling effects along with the long-term reliability of the silica-based layer easily coated on PV modules.
Materials and Methods
In April 2010, a Cu(In,Ga)Se 2 (CIGS) PV system was installed on the roof of a seven-story building at the University of Miyazaki, Miyazaki, Japan. This system had never been cleaned until 25 December 2014, when cleaning and coating was carried out for the first time since installation. Three arrays (array A, array B, and array C) in the CIGS PV system were used in this study. Table 1 shows the details including the respective treatments applied to each CIGS array. All arrays comprised modules of the same model number and each, with a rated power of 10.2 kW, was composed of 120 modules. Array A was the reference array and did not undergo any treatment. Arrays B and C were cleaned with water using a rotating brush. After the cleaning, a silica-based layer with antireflection and antisoiling effects (EXCEL PURE, Central Automotive Products, Osaka, Japan) was coated on the module surface of array C. The dispersion medium of the coating liquid was composed of a mixture of alcohol and water, and silica having a size of 10 to 100 nm was dispersed. The coating was carried out by immersing the coating liquid containing nano-sized silica in a sponge phase resin and scanning the resin on the PV modules, as shown in Figure 1a . Immediately after the coating, the solvent in the coating liquid evaporated and a porous silica layer was formed on the PV modules. The coated layer mainly comprised porous silica that contained many hydroxyl groups that adsorbed water on the surface. To confirm the thickness, the silica layer was coated on a glass substrate with the same method and a cross-sectional image was measured with a transmission electron microscope (JEM-2200FS, JEOL, Tokyo, Japan). The thickness of the coated layer was approximately 150 nm. Figure 1b shows the module surface after coating. The color of the coated area evidently turned darker. On 25 December 2014, cleaning and coating were carried out. The arrays were exposed outdoors to assess the effects and the reliability of the coating. Details of this treatment method were reported in Reference [19] . The array performance was evaluated using performance ratio (PR) as an indicator. PR was derived as follows:
where E out and GI are the measured energy yield and amount of global solar radiation measured with a pyranometer, respectively.
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where Eout and GI are the measured energy yield and amount of global solar radiation measured with a pyranometer, respectively.
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Results and Discussions
Although the three arrays investigated in this study comprised the same modules, there were some variations in the output between the arrays due to the differences of initial output and installation position. To cancel the initial output difference between the arrays, the daily PR was divided by the average PR for one year (from 25 December 2013, to 24 December 2014) before the treatment. Figure 2a shows the normalized daily PR (NPR) of Arrays B and C. NPRs for Arrays B (NPRB) and C (NPRC) showed seasonal variation. NPRs have higher values during the winter season (December, January, and February) and lower values during the summer season (July, August, and September). This is because during the summer and winter seasons, the module temperatures are high and low, respectively. NPRB and NPRC are almost the same value before the treatment (25 December 2014). On the contrary, NPRC (cleaning and coating) after the treatment was clearly higher than NPRB (cleaning only). In both arrays, a slight decrease in the PR, due to system degradation, was observed.
To clarify the effects of the treatment on the performance of the PV module, NPRB (cleaning only) and NPRC (cleaning and coating) were divided by the normalized daily PR of reference, array A (no treatment). Figure 2b shows the twice normalized daily PR of arrays B and C. In Figure 2b , the seasonal variation and age deterioration, which can be observed in Figure 2a , almost disappeared as a result of the second normalization. From this figure, the effect of the treatment can be clearly assessed. It was found that the twice normalized PR of array B before and after cleaning had little change. This result indicates that the cleaning did not increase the performance of the PV module at the installation site of this study. The environment of the test site was relatively clean because there were no industrial plants or arterial roads near the site and the arrays were installed at a high altitude (the rooftop of a seven-story building). In contrast, the twice normalized PR of array C increased after cleaning and coating. The effect of the coating was clearly observed and the performance of the PV module improved. As the test site was located in a clean environment and the antisoiling effect was not noticeable, this performance improvement was thought to be due to the antireflection effect.
To quantitatively evaluate the effect of the coating, NPRC was divided by NPRB. Figure 2c shows NPRC/NPRB. NPRC/NPRB immediately increased after the coating on 25 December 2014. The average value of NPRC/NPRB from 25 December 2014, to 30 June 2018 was 1.039. The performance of the PV improved by 3.9% due to the antireflection effect of the coating. 
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To quantitatively evaluate the effect of the coating, NPR C was divided by NPR B . Figure 2c Moreover, it was found that the effect of the coating was maintained without deterioration even after 3.5 years. In order to reduce the LCOE of PV systems, it is necessary to improve the long-term reliability of the elements constituting it. The coating can be applied via a simple process and with a film thickness as thin as 150 nm. Nevertheless, the coating maintained its effect, for 3.5 years, without deterioration. The main reason for reflection is the change in the refractive index from air (with a refractive index of 1) to glass (with a refractive index of 1.5 at 589.3 nm). In the case of PV modules, inserting a thin film with a refractive index between air and glass on the cover glass works as an antireflection layer. Figure 3 shows the refractive index from 200 to 1200 nm of the coating assessed in this study. The refractive index was measured using a film thickness monitor (FE-3000, Otsuka Electronics, Hirakata, Japan). The refractive index of the coating was 1.295 at 589.3 nm. This value is intermediate between air and glass which allowed the coating to act as an antireflection layer.
In this study, the silica-based coating was applied on the CIGS PV modules through a simple process and its effect on PV performance was assessed. The improvement of PV performance was maintained long term, 3.5 years without deterioration. This coating can be applied to other PV modules using glass materials as a cover glass.
Single-crystalline silicon PV modules of the same model number (GT85F, KIS, Saku, Japan) were prepared to be utilized for the assessment. The power of the modules was equal, rated at 90 W. The silica-based layer was coated on the surface of the module. Figure 4 shows the surface of the silicon PV modules after coating. The two modules were coated (modules X and X') and the other two modules were not coated and act as references (modules Y and Y'). The color of the coated modules (modules X and X') evidently changed to a darker shade. This was credited to the antireflection effect of the coating. The silicon PV modules were installed and assessed at the University of Miyazaki. 5 of 8 Figure 3 shows the refractive index from 200 to 1200 nm of the coating assessed in this study. The refractive index was measured using a film thickness monitor (FE-3000, Otsuka Electronics, Hirakata, Japan). The refractive index of the coating was 1.295 at 589.3 nm. This value is intermediate between air and glass which allowed the coating to act as an antireflection layer.
Single-crystalline silicon PV modules of the same model number (GT85F, KIS, Saku, Japan) were prepared to be utilized for the assessment. The power of the modules was equal, rated at 90 W. The silica-based layer was coated on the surface of the module. Figure 4 shows the surface of the silicon PV modules after coating. The two modules were coated (modules X and X') and the other two modules were not coated and act as references (modules Y and Y'). The color of the coated modules (modules X and X') evidently changed to a darker shade. This was credited to the antireflection effect of the coating. The silicon PV modules were installed and assessed at the University of Miyazaki. Figure 5 shows the current-voltage characteristics of module X before and after coating, measured using a solar simulator under standard test conditions. The short-circuit current increased, Figure 4 . The surface of silicon PV modules. The two modules were coated (modules X and X') and the other two modules were not coated to act as references (modules Y and Y'). Figure 5 shows the current-voltage characteristics of module X before and after coating, measured using a solar simulator under standard test conditions. The short-circuit current increased, from 5.56 to 5.74 A (3.2% gain). The same coating effect as that of the CIGS PV module was also observed in the silicon PV module.
The single-crystalline silicon PV modules, with and without coating, were exposed outdoors from 1 December 2015 to assess the effect of the coating. To clarify the effect of the coating, the daily PR of module X, with coating (PR X ), was divided by that of module Y, without coating (PR Y ). Figure 6 shows the PR X /PR Y . The PR X /PR Y increased with an average value of 1.031 (a 3.1% gain) from 1 December 2015 to 1 April 2016. The environment in which the silicon PV modules were placed was found to be a clean environment with minimal dust and the output gain was considered to be due to the antireflection effect. The coating can be applied not only for CIGS PV modules but also for silicon PV modules.
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Many commercial PV power plants do periodic cleaning to keep energy yields up. The surface damage by the cleaning is becoming a big issue in the PV industry. The durability of the coating to the robot cleaning or other harsh cleaning has not been examined. However, it is expected that the frequency of cleaning and the harshness required for cleaning can be suppressed due to the antisoiling effect of the coating. The cost to apply the coating (cleaning and coating) was 1.5 million JPY for a 1 MW PV system. The yearly output of a 1 MW PV system in Japan is approximately 1000 MWh. Assuming that the power selling price is 20 JPY/kWh and the output gain from the coating is 3.5%, an annual sales increase of 700,000 JPY can be expected. The coating fee will be paid in two years.
Many commercial PV power plants do periodic cleaning to keep energy yields up. The surface damage by the cleaning is becoming a big issue in the PV industry. The durability of the coating to the robot cleaning or other harsh cleaning has not been examined. However, it is expected that the frequency of cleaning and the harshness required for cleaning can be suppressed due to the antisoiling effect of the coating.
Conclusions
In this study, the antireflection and antisoiling effects, and long-term reliability of the silica-based layer easily coated on PV modules was assessed. A silica-based layer with antireflection and antisoiling effects was coated on the surface of CIGS PV arrays, and the arrays were exposed outdoors to assess the effects and the reliability of the coating. By controlling the porosity of the coating, the refractive index was adjusted to act as an effective antireflection material on PV modules. The output of the coated PV array showed a 3.9% increase in the amount of energy collected, confirming that the coating effectively increased the performance of the PV array due to the antireflection effects. Moreover, it was found that the effect of the coating was maintained without deterioration for more than 3.5 years from the date of coating. The environment of the test site was relatively clean, with a minimal amount of dust, as there were no industrial plants or arterial roads near the site location and the arrays were installed at a high altitude (on the rooftop of the seven-story building). The antisoiling effect of the coating was not considered as the PV array was not sufficiently dirty to exert a significant influence on the performance of the PV array. The coating was also applied to a silicon PV module and the same effect as that of the CIGS PV module was seen. Funding: This research received no external funding.
